Introduction
Natural killer (NK) cells are a heterogeneous population of large granular lymphocyte-like cells of uncertain lineage (Lanier et al., 1986) . They exhibit a non-primed, non-specific, non-major histocompatibility complex (MHC)-restricted but spontaneous cytotoxicity against a variety of normal, tumour and virus-infected target cells. Although a variety of DNA and RNA viruses augment NK cell activity in mice (Welsh, 1986) , the role of these cells in the early control of virus replication has been investigated for only a few viruses. For example, studies in mice infected with herpes simplex virus type 1 (Habu et al., 1981) , murine cytomegalovirus (Bukowski et al., 1983 (Bukowski et al., , 1984 , coxsackievirus B3 (CVB3) (Godeny & Gauntt, 1986 and more recently the encephalomyocarditis virus D variant (EMC-D) (White & Smith, 1990) have shown that NK cell activity peaks 2 to 4 days post-infection (p.i.). Mice depleted of NK cells using anti-asialo GM1 (anti-AGM1) antibody, which binds to a neutral glycolipid (ganglio-n-tetraosylceramide) ex-pressed on the surface of NK cells (Kasai et al., 1980) , develop more extensive lesions on challenge infection than untreated controls. In addition higher virus titres have been demonstrated in target tissues and resistance to infection with EMC-D was totally abolished in C57BL/6J mice.
Here we report a murine model of CVB4-induced pancreatitis using a pancreas-adapted isolate of CVB4 (CVB4-P15). The roles of NK cells and virus-specific neutralizing antibody were investigated during the acute phase of infection in eight to 10 mouse strains. Virus titres were measured in the serum and tissues. Endogenous NK cell activity in uninfected spleen effector cells was compared with virus-augmented NK cellmediated cytolysis 4 days p.i. in eight mouse strains and the role of NK cells in vivo was further investigated in C3H/HeJ mice depleted of NK cells prior to infection with a low concentration of virus. Furthermore, as an inverse relationship between the expression of MHC class I molecules and susceptibility to NK cell-mediated cytolysis has been observed with several tumour cells both in vitro and in vivo (Ljunggren & Karre, 1985; Karre et al., 1986; Storkus et al., 1987; Piontek et al., 1985; Gronberg et al., 1988) , the effect of infection on MHC class I molecule expression on pancreatic acinar cells was determined.
Methods
Cells. Veto cells (African green monkey kidney; Flow Laboratories) were cultured in medium 199 (Gibco) supplemented with Earle's salts, 5% foetal calf serum (FCS; Gibco) 2 mM-L-glutamine and 2-5 mg/ml ampicloxacilin (Beechams).
YAC-1 (Moloney murine leukaemia virus-induced lymphoma) cells, a kind gift from S. Kimura (of this college), were cultured in RPM1 1640 medium (Gibco) supplemented with 10 % FCS, 2 mM-L-glutamine and 2.5 mg/ml ampicloxacilin.
CVB4.
A pancreatropic variant of CVB4 that had undergone eight passages in vitro and 13 sequential passages in suckling mouse pancreas (Szopa et al., 1989) was used to prepare a virus stock. For this study, it was initially passaged at limiting dilution through the pancreas of five groups of five 14-to 17-day-old C57BL/ksdbm mice. Each group of mice received respectively 100, 10, 1-0, 0.5 or 0.1 p.f.u./mouse and the individual pancreatic virus titre (p.f.u./g wet tissue) was determined 3 days p.i. on Vero cell monolayers (see below). The pancreas with the highest virus titre from group 3 mice (1 p.f.u./mouse), in which four of five pancreases became infected, was chosen as the virus seed. A further 20 suckling C57BL/ksdbm mice were infected with this virus (100 p.f.u./mouse) and these pancreases were harvested and pooled 3 days p.i. to provide the virus stock at passage 15, hence CVB4-P15.
Mice. Ten strains of isolator-reared or specific pathogen-free male mice at 6 to 8 weeks of age were used: C57BL/ksdbm (H-2d), SJL/J (H-2s), C3H/HeJ and C3H/Heola (H-2k), BALB/c (H-2d), NIH and DBA/1 (H-2q) (Olac), SWR/J (H-2q) and CBA/H-T 6 (H-2 k) (Bantam & Kingman) and C57BL/6Jdbm (H-2 b) (kind gift from Professor L. Herberg, Germany). Female BALB/c and SWR/J mice of 6 to 8 weeks of age were also used. On arrival animals were housed under antimicrobial filter tops (North Kent Plastics) and access was limited.
Infection and necroscopy. Mice were inoculated intraperitoneally with 102 to 105 p.f.u. CVB4-P15 in 100 ~tl sterile saline/ampicloxacillin (2.5 mg/ml) or saline/ampicloxacillin alone. Mice were killed between 2 and 14 days p.i. by CO2 inhalation, and tissues (pancreas, liver, heart, spleen and lymph node) were collected. These were fixed for 48 h in 10% non-buffered formalin, embedded in wax and cut and stained [haematoxylin and eosin (H & E)] by standard techniques. Replicate tissues were cryopreserved on cork, coated in Cryo-M-bed (Bright Instruments) and 7 to 8 ~tm sections were examined by indirect immunofluorescence analysis (IFA) (see below).
Virus isolation. Tissues for virus isolation (pancreas, heart, liver, spleen and serum) were collected aseptically into pre-weighed bijou bottles containing 1 ml of sterile saline/ampicloxacillin (2.5 mg/ml) and stored at -70 °C. Infectivity of cell-free organ homogenates (obtained after 3 cycles of freezing and thawing) was determined by plaque assay. Serial dilutions (10 -1 to 10 -8) were prepared and 100 ~tl aliquots transferred in quadruplicate to Vero cell monolayers in 24-well plates (Linbro). After 1 h of adsorption at 37 °C, wells were overlaid with 0-9 ml CMC (Koch-Light) medium (25 ml 3 % carboxymethyl cellulose per 75 ml medium 199). The mean plaque number from four replicate wells was determined after 4 to 7 days, and the p.f.u./ml was calculated and expressed as p.f.u./g wet tissue.
Virus-specific neutralizing antibody. Antibody was titrated in the serum of all strains from 4 days p.i. according to the microtitre method (Domok & Magrath, 1979) on Vero cell monolayers. Briefly, serial twofold dilutions of mouse serum (1:10 to 1:1280) were prepared in quadruplicate and preincubated for 4 h with 100 TCID50 of virus prior to the addition of cells. Plates were scored for c.p.e, and the 50% endpoint was calculated by Thompson's moving average method (Meynell & MeyneU, 1970) and expressed as the reciprocal of that dilution.
Assay for NK cell cytotoxicity. Spleen ceils from uninfected mice or mice infected with 102 p.f.u. CVB4-P15 4 days p.i. were assayed in vitro for NK cell activity. Virus-infected and control animals were matched for sex and age, and, where possible, came from one litter. Single-cell suspensions were prepared from individual spleens, washed once in complete medium and resuspended in 2 ml Tris-NH4CI buffer (8.3 g/1 NH4CI, 0-17 M-Tris pH 7-65) for 3 rain at room temperature to lyse erythrocytes. After two washes with complete medium, cells were resuspended and kept on plastic at room temperature for 2 h to remove adherent cells. Labelled YAC-1 cell targets in the logarithmic growth phase were prepared by incubation with 50 ktl RPM1, 20% FCS and 100 ttCi 51Cr204 (Amersham) for 1 h at 37 °C with periodic shaking. Excess label was removed using three washes in complete medium. slCr-labelled targets (100 ~tl, 1 x 10a/well) were mixed with 100 ~tl effector cells at an effector :target (E :T) ratio of 10 : 1, 50:1 or 250:1 in triplicate. Control wells contained 100 ~tl medium or 100 ktl 1% Triton X-100 instead of effectors. Plates were immediately centrifuged at 1500 r.p.m. (345 g) for 1 min and incubated at 37 °C for 5 h. Before harvesting, plates were centrifuged at 900 r.p.m. (125 g) for 5 min, 100 td of cell-free supernatant was carefully removed from each well and radioactivity was counted in a Packard gamma counter.
The percentage specific lysis (SL) was calculated from the mean of triplicate counts: SL (%) = [(mean experimental release -mean spontaneous release)/(mean total release -mean spontaneous release) x 100]. The ratio (%) was calculated as [(mean spontaneous release/ mean total release) × 100] as an indicator of target cell viability under the conditions of the assay, and the maximum acceptable level was set at 25%.
NK cell depletion. CVB4-P15-resistant C3H/HeJ mice were depleted of NK cells by the intravenous injection of polyclonal rabbit anti-AGM1 (Wako) antibody prior to challenge with 102 p.f.u, virus/mouse. Three depletion protocols were used. In protocol A mice received two doses of 25 ~tl anti-AGM 1 antibody in 25 ktl of sterile saline 3 days apart, were challenged 1 day later and were killed 4 days p.i. In protocol B mice were treated as protocol A mice, but received an additional 25 ktl anti-AGM1 antibody in 25 ~tl sterile saline 3 days p.i. and were killed 7 to 14 days p.i. In protocol C mice received a single dose of 50 ktl anti-AGM1 antibody diluted in 50 ~tl of sterile saline 6 h before virus challenge and were killed at 3 days p.i. Control mice received either no treatment (endogenous NK cell control), normal rabbit serum (NRS), i.e. a control for endogenous NK cell activity following the administration of NRS, 102 p.f.u. CVB4-P15 (virus-augmented NK cell control), 102 p.f.u. CVB4-P15 plus NRS (virus-augmented NK cell control in the presence of NRS), or anti-AGM1 antibody alone, as per protocol A above (NK cell depletion control).
IFA
(i) Cryosections. Unfixed, freshly cut cryosections of pancreas and spleen or lymph node were air-dried and incubated with 20% normal goat serum (Janssen) to block non-specific staining. The tissues were then incubated for 40 min at room temperature with rat anti-mouse class I HB3 antibody (kind gift of Dr L. Rayfield, Guy's Hospital, London, U.K.) at a dilution of 1:100. Slides were washed with three changes of PBS A and stained with fluorescein isothiocyanate (FITC)-conjugated mouse-adsorbed goat anti-rat antibody (Tago) (dilution 1:100) for 40 min at room temperature. Slides were finally washed as above, counterstained for 10 s with 0.1% propidium iodide and washed again before mounting in Uvinert (Gurr) and examining by fluorescence microscopy. The nuclear counterstain facilitated distinction between exocrine and endocrine pancreas and infiltrating inflammatory cells under the Zeiss fluorescent lamp.
(ii) Spleen cells. Spleen cell suspensions were examined for surface expression of the NK cell and Thy-1 cell (pan-T ceil) markers. All procedures were conducted at 4 °C using rabbit anti-AGM1 antibody at a dilution of 1:20 and rat anti-Thy-1 antibody (clone 154.7, a kind gift from Dr S. Cobbold, Cambridge, U.K.) at a dilution of 1:100, followed by incubation with FITC-conjugated goat anti-rabbit IgG (Nordic) and mouse-adsorbed goat anti-rat IgG (Tago) at a dilution of 1:100. A m i n i m u m of 100 cells was examined and the percentage of fluorescent cells was calculated.
Statistics. The statistical significance of the difference between any two means was determined using Student's t-test.
Results and Discussion

Virus isolation and histological findings
Two mouse strains, C57BL/6Jdbm and C3H/HeJ, were more resistant to infection than the other strains tested (results not shown). Inoculation with 104 p.f.u. CVB4-Pl5/mouse was required to induce necrotic pancreatic lesions in C57BL/6Jdbm mice so this dose was also used in C57BL/ksdbm mice to enable a comparison to be made (Table 1) . However, a virus concentration of 102 p.f.u./mouse caused pancreatitis in both strains (not shown). Virus could not be recovered from C3H/HeJ mice 4 days after inoculation with 104 p.f.u. CVB4-P15/mouse, but virus was recovered from two mice inoculated with 105 p.f.u./mouse (not shown). Further virus isolation studies were not done with this strain. All other strains became infected following inoculation with 102 p.f.u./mouse (Table 1) . Virus was readily isolated from the pancreas of all strains examined 2 to 5 days p.i., although very few DBA/I mice were sampled owing to high mortality. In seven of the strains tested pancreatic virus titres appeared to peak 3 days p.i., after which they fell. Although only small numbers (two to four) of mice were examined on each occasion, organs were assayed II Antibody first detected 6 days p.i.
individually and the same trend occurred in seven mouse strains. Other workers have also reported peak CVB replication 2 to 4 days p.i. (Godeny & Gauntt, 1986; Woodruff & Woodruff, 1974; Loria et al., 1984; Wolfgram et al., 1986) . Virus could still be recovered from the pancreas of six strains 7 to 8 days p.i. (Table 1) . The histological changes seen in the 10 strains examined are presented fully elsewhere (Vella et al., 1992) . Briefly, lesions of the exocrine pancreas were seen in all strains by 4 days p.i. In strains C57BL/ksdbm and DBA/1 there was frank necrosis (cell death) of the pancreatic acinar tissue and at 4 days p.i. virus titres were higher than in other strains examined. A diffuse necrosis involving up to 80 % of the acinar tissue was seen in strains SWR/J, BALB/c, CBA/H-T6, C3H/Heola and SJL/J, whereas in NIH mice a focal pancreatitis was seen. Focal pancreatitis was also seen in C57BL/6Jdbm mice given a higher virus concentration (104 p.f.u./ mouse), but with a dose of 102 p.f.u./mouse few lesions were seen. Clearly CVB4-P15 has strong pancreatropism. There was no histological evidence of infection in C3H/HeJ mice inoculated with 102 to 103 p.f.u. CVB4-P15 (e.g. Fig. 1 ).
CVB4-P15-specific neutralizing antibody
CVB4-P15-specific neutralizing antibody was detected in the serum of all strains by 6 days p.i. (Table 2) . Antibody titres varied among the mouse strains, with DBA/1 mice having a significantly higher titre (P 0.001) 4 days p.i. than the other strains. Antibody was not detectable in most other strains until 5 days p.i. (Table 2) and at 6 days p.i. reciprocal antibody titres of < 10 were recorded for approximately half the animals of strains SJL/J, C3H/Heola and CBA/H-T6 sampled. Antibody titres increased in all strains by 7 to 10 days p.i., with DBA/1 mice maintaining the highest titre. However, the fall in pancreatic virus titres between 3 and 4 days p.i. appeared to be independent of the rise in serum neutralizing antibody in all strains other than DBA/1. This observation is in agreement with those of others (e.g. Wolfgram et al., 1986; Woodruff, 1979) . However, antibody is only detectable in the serum once it is being produced in excess and so a role in virus neutralization before its appearance in the serum cannot be precluded. 
Endogenous and virus-augmented NK cell activity
NK cell-mediated cytotoxicity was measured at three E :T ratios, but a ratio of 50 : 1 was chosen to illustrate strain-related differences (Table 3) . At 4 days p.i. there was a significant increase in the SL (~o) in seven of eight strains tested (P ~<0-003). Although this may not represent peak NK cell activity these results show that murine NK cells are augmented by CVB4-P15 infection at a time when pancreatic virus titres are beginning to fall. However, least pancreatic damage occurred in mouse strains with the highest endogenous NK cell activity and the greatest percentage increases (Tornqvist et al., 1985) in NK cell activity occurred in strains suffering most damage (Table 4) .
Depletion of NK cells in C3H/HeJ mice
In all infected mice that had been treated with anti-AGM1 antibody there was evidence of virus-induced increases in NK cell-mediated cytotoxicity and in the percentage of AGMl-positive spleen cells, as deter- Table 5 ). In addition, most of the N K ceils were blastoid in appearance, unlike those of control mice 1 and 2, in which both small and large stained cells were observed (not shown). This suggests that on infection, CVB4-P15 stimulates the rapid expansion of the few remaining N K cells that had escaped binding by rabbit anti-AGMl antibody. Pancreas sections from two protocol A-treated mice (no. 7 and 8) showed focal acinar necrosis (compare Fig.  l and 2 ) and virus was recovered from this organ 4 days p.i. In these animals N K cell activity was below 10~ SL. The pancreases of mice 10 and 11 were histologically normal and virus could not be recovered. However, N K cell lytic activity exceeded that of uninfected control mice 1 and 2 (see also mean endogenous level for this strain, Table 3 ).
Protocol B-treated mice were killed 7 to 14 days p.i. The pancreas of mouse 12 had undergone acinar necrosis, and virus was isolated from both the serum and pancreas. At 14 days p.i. two of three mice (no. 14 and 15) had pancreatic lesions. Acute myocarditis was also found in mouse 14, and virus was again recovered from both the pancreas and serum. Virus could not normally be recovered from the serum beyond 4 days p.i. The lesion seen in mouse 15 involved a single lobule of the pancreas and was comparable histologically with a 3 day lesion. Therefore it is possible that mice 9 and 13 would have developed lesions with time.
Protocol C-treated mice showed a severe (e.g. see Fig.  3 ) to coagulative acinar necrosis as a direct result of extensive virus replication. At 3 days p.i. all had low N K cell activity ( < 5~ SL) and reduced N K (anti-AGM1 antibody staining) cell numbers ( < 5 ~ of the spleen cell population); high virus titres were recovered from the pancreas and serum of the two mice tested. Pancreases were also macroscopically abnormal, being colourless and oedematous. Thus, in C3H/HeJ mice N K cells were clearly important in the control of virus replication in the pancreas. Following N K cell depletion, resistance in nine of 11 animals with an SL of < 12~ was abolished despite these mice being challenged with a virus inoculum the concentration of which was 100-fold lower than that to which this strain was normally resistant.
Several studies have shown that the in vivo administration of anti-AGM1 antibody inhibits virus-specific cytotoxic T cells (CTLs), e.g. Stitz et al., (1986) . More recently, Fujii et al. (1990) have shown that the IgG fraction (but not the IgM fraction) of anti-AGMl antibody leads to macrophage-mediated depletion of CTL precursors as well as N K cells. Since N K cell activity was measured 3 or 4 days p.i. in protocol A and C N K cell-depleted mice, it is unlikely that inhibition of CTL precursors was significant in the breakdown in resistance seen in C3H/HeJ mice. However, in protocol B-treated mice such inhibition could have contributed to the increased susceptibility seen at 7 and 14 days p.i. Attempts to resolve this problem were made, but owing to the highly cytolytic nature of this virus we were unable to develop a CTL assay.
M H C class I expression
Infected and control pancreas cryosections were examined by IFA using an anti-MHC class I monoclonal antibody. Eight mouse strains (C57BL/6Jdbm, C57BL/ KSdbm, NIH, CBA/H-T6, SWR/J, SJL/J, DBA/1 and C3H/Heola) were tested at 3, 7 and 10 days p.i. In both the control uninfected and infected pancreas, acinar cells were found to be MHC class I molecule-negative, whereas endothelial ceils lining blood vessels and ducts, cells in control lymph node or spleen sections, and inflammatory cells infiltrating the pancreas were positive for MHC class I molecules. Although CVB4-P15 infection did not induce class I molecule expression on target acinar tissue, expression did appear to be upregulated on endothelial cells (as determined by fluorescence intensity, results not shown). Class I expression is required for MHC-restricted CTL (CD8) activity, but not for NK cell-mediated cytotoxicity. Toniolo et al. (1988) have reported that CVB3 infection induces MHC class II molecule expression on pancreatic acini, which may suggest a role for class II-restricted (CD4) mechanisms in the pathology of CVB3.
Studies with tumour cells conducted in vitro and in vivo have shown that NK cell targets expressing high levels of class I molecules are less susceptible to lysis than those expressing low levels (Ljunggren & Karre 1985; Karre et al., 1986; Storkus et al., 1987; Pointek et al., 1985; Gronberg et al., 1988; Ljunggren et al., 1988) . The YAC-1 NK cell target used in this study has low class I molecule expression when grown in vitro, but the corresponding NK cell-resistant ascites cell expresses significantly higher levels in vivo (Pointek et al., 1985; Becker et al., 1978) . Increased class I molecule expression is thought to act by inhibiting (or failing to trigger) the lytic phase (Harel-Bellan et al., 1986) , but not the NK cell-binding phase (Gronberg et al., 1988; Ljunggren et al., 1988) , although Storkus et al. (1987) have reported an inverse relationship with class I molecule expression at both stages.
Concluding remarks
The virus isolate used in this study shows a strong tropism for pancreatic acini, and further studies at 1 to 10 months p.i. have demonstrated its persistence in this tissue (see Vella et al., 1991 Vella et al., , 1992 . During acute infection, NK cells appear to play a role in the control of virus replication because lesions are least severe in the three strains with the highest endogenous levels of NK cell activity. Resistance to infection is completely abolished in C3H/HeJ mice depleted of NK cells (SL <5%).
It may be significant that CVB4-P15 infection did not induce class I molecule expression on target acinar cells. An inverse relationship between class I expression and susceptibility to NK cell-mediated lysis has been established for several tumour cells. If a similar relationship exists between NK cells and virus-infected targets this may provide a useful model with which to investigate the relationship further.
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